In this study we determined the ultrastructural distribution of the various components of the extracellular matrix (laminin, fibronectin, Type I, III, and IV collagens) of the normal peripheral nerve in adult rat. The localization of these macromolecules was investigated in basement membranes Vol. 40, NO. 6, pp. 859-868. 1992 Printed in U.S.A.
Introduction
Localization of laminin, fibronectin, nidogen, Type I, 111, IV, and V collagen, heparin sulfates and, more recently, ofJ1 tenascin has been studied by light immunochemistry in various organs as well as in the central and peripheral nervous systems (CNS and PNS) (3, 4, 24, 30, 32, 36, 47, 51) . The extracellular matrix (ECM) has an important function in both PNS and CNS development and regeneration processes (6,10,31.34,41,44.45) . A number of in vitro studies have also been directed towards synthesis of basement membrane proteins by cultured Schwann cells (7,9.12,35) . Most of these studies have been limited to the light microscopic approach, which does not allow an accurate analysis of the distribution of the ECM components in peripheral nerve. However, a few localizations have been reported at the ultrastructural level, but that information remains sparse (3,6,3 5,49) .
Recent studies concerning the capacity of nerves to regenerate have proposed that this capacity is dependent on the level of expression of some ECM molecules and that it is also dependent on close interactions among the various components of the ECM (9.30.42).
Therefore, the resolution provided by electron microscopic immunocytochemistry constitutes a valuable approach to the understanding of these mechanisms, quantitatively as well as qualitatively.
To this end, our study was aimed at defining the ultrastructural distribution of some of the main components of the ECM in normal peripheral nerves of adult rat. For this approach, we considered the pre-embedding immunoperoxidase method to localize Correspondence ta Philippe Lorimier, Laboratoire de Pathologie Cellulaire, Hopital A. Michallon, CHRUG, BP 217X, 38043 Grenoble Cedex, France. laminin, fibronectin, and Types I, 111, and IV collagen to be the best solution.
Materials and Methods
Tissue Prepration. Male Sprague-Dawley rats weighing 300-400 g were used in this study. The sciatic nerves were dissected under pentobarbital anesthesia. The removed nerves were then immediately immersed (a) in Tissue-Tek frozen in isopentane cooled by liquid nitrogen and stored at -70°C or (b) in 4% paraformaldehyde (PFA) in 0.12 M phosphate buffer, pH 7.4, for 5 hr at 4'C. After fixation, tissue fragments were washed overnight in cold phosphate buffer.
Immunolabeling for Light Microscopy. Cryostat sections (8 pm thick) were obtained from unfiied tissue or small blocks (1-2 mm3) of fixed nerves cryoprotected by immersion in graded solutions of glycerol (5, 10, and 15 %) in 0.1 M phosphate buffer, pH 7.4, before the quick-freezing described above. Sections were mounted on gelatin-coated slides and stored at -70'C until the immunolabeling procedure.
Immunostaining was performed with the antibodies listed in %ble 1, and consisted of the following steps. (a) Thirty-min incubation in 1% bovine serum albumin (BSA) in 0.02 M PBS, pH 7.4, at room temperature.
(b) Overnight incubation with appropriate dilutions of primary antibodies at 4'C. Dilutions of primary antiserum were prepared with 0.03% Triton X-100 and 1% BSA in PBS, pH 7.4. (c) One-hrincubation in bridging antibodies (goat anti-rabbit or rabbit anti-goat IgG) diluted k100 with 1% BSA in PBS, pH 7.4, at room temperature. (d) One-hr incubation with rabbit or goat peroxidase-anti-peroxidase (PAP) complex diluted 1:200 with 1% BSA in PBS, pH 7.4. at room temperature. (e) Before development with 3,3'-diaminobenzidine (DAB), the sections were rinsed twice in 0.05 M Trissaline buffer, pH 7.6, and then incubated at room temperature for 10 min with 0.5% CoC12 in ais-saline. (f) After two rinses in ais-saline, pH 7.6, the sections were soaked for 6 min in a solution of 0.05% DAB, 0.05% hydrogen peroxide, and 10 mM imidazole in 0.05 M a i s buffer, pH 7.6. After a thorough wash under running tapwater, cryostat sections were de- hydrated in graded alcohols, cleared in xylene, and mounted with Merckoglass.
Immunolabeling for Electron Miaoscopy. PFA-fixed tissue was embedded in 3% affacose in distilled water for vibratome sectioning. One hundredbm transverse sections were transferred to spot test plates containing icecold PBS, pH 7.4, for immunocytochemical labeling. Free-floating sections can also be stored in PBS containing 0.1% sodium azide at 4°C for several weeks.
The immunoperoxidase staining was performed as described above for light microscopy.
After the DAB reaction, the free-floating sections were post-fixed for 1 hr in 1% 0~0 4 , dehydrated in graded ethanols, and flat-embedded in Epon 812. The polymerized sections were attached to pre-polymerized resin blocks. Ultra-thin sections were collected on single-hole form-coated grids and examined with counterstaining in a Philips EM 201 elecuon microscope.
For control experiments, pre-immune sera replaced primary antisera at appropriate dilutions based on the immunoglobulin concentration of the primary antibodies.
Light Microscopy Immunostaining
In epineurium, on unfixed cryostat sections of nerve, the connective matrix exhibited diffuse and homogeneous immunoreactivity for fibronectin and collagen Types I and 111 (Figures 4-6) . The same components were also identified in the cytoplasm of the epineural fibroblasts. The walls of epineural blood vessels showed strong im-munolabeling for laminin, fibronectin, and collagen Types 111 and IV (Figures 2-5) .
In perineurium, which is a multilayered sheath of perineural cells interspersed with fine collagen fibers, intense immunostaining was observed with antibodies to laminin, fibronectin, and collagen Type 111 and IV (Figures 2-5) , showing in places a lamellar arrangement ( Figure 3b ). In this nerve structure collagen Type I was only sparsely present.
In endoneurium, the walls of blood vessels showed an immunoreactivity similar to that of the epineural vessels ( Figure 5 ) . In endoneural ECM, we noted that laminin and Type IV collagen were co-localized with fibronectin and Types I and I11 collagen (Figures 2-6 ). However, a slightly more intense immunolabeling with antibodies to laminin and collagen Types 111 and IV appeared around each nerve fiber (Figures 2-5 ).
When the same immunocytochemical studies were carried out on cryostat sections of paraformaldehyde-fixed tissue, the use of glycerol as cryoprotector was necessary to ensure good morphology. Under this fixation condition, a decrease of labeling with anti-Type I11 collagen was observed in perineurium and the immunostaining of epineural fibroblasts for fibronectin and collagen Types I and 111 was lost (not shown).
Immunoel'ectron Microscopy Staining
In epineurium, which appeared as a relatively loose meshwork of collagen fibers, labeling for Type I collagen (Figure 12 identified and exhibited a particular pattern: on longitudinal or transverse collagen fibers, the labeling exhibited a periodic or a circular granular distribution, respectively. The same staining pattern was observed with anti-Type III collagen (Figure 10 ) along 67-nm periodically banded fibrils. Moreover, the immunostaining with anti-fibronectin (Figure 11 ) was closely associated with collagen fibers.
As for light microscopy on fmed nerve, no specific immunolabeling was seen in the epineural fibroblasts.
In perineurium, a lamellar arrangement of flattened cells that are bounded on both sides by basal lamina, staining for laminin, fibronectin, and collagen Types I11 and IV (Figures 8-11 ) was observed in the uppermost and innermost basal laminae. For these components, staining of basal (Figure 9 ) or fine collagen fibers (Figure 10) was sometimes observed between the perineural cells.
Co-localization of fibronectin and collagen Types I and 111 was also identified in the endoneural ECM (Figures 16-18 ), and weak labeling for laminin and Type IV collagen could be seen around the collagen fibers (Figures 14 and 15) . The basement membranes of Schwann cells showed a strong reaction with antibodies to laminin, fibronectin, and collagen Types 111 and IV (Figures 14-17) .
For blood vessels, epineural as well as endoneural, the distribution of immunolabeling in the basement membranes was as follows. The staining of laminin and Type IV collagen (Figures 19 and   20 ) was often more intense in the outer basal lamina(between pericytes and collagen fibers) than in the endothelial basal membrane. We noted the absence of fibronectin and Type I11 collagen no matter how deep the analyzed blood vessel was located in the section (Figures 21 and 22) .
No specific intracytoplasmic labeling was seen except on pinocytic pits or vesicles (Figures 19) of some perineural cells, Schwann cells, and pericytes, which exhibited an immunoreaction for laminin, fibronectin, and collagen Types 111 and IV. At the same time, in endothelial cells only laminin and collagen Type IV could be detected.
In no case did the control sections (Figures 1, 7, 13 , and 23) disclose any specific immunolabeling.
Discussion
Several ECM components play important roles in the capacity of peripheral nerve for development and regeneration (6,8,9,12, 34,41,45). However, to our knowledge, no previous study has focused simultaneously on the ultrastructural immunolocalization of laminin, fibronectin, and collagen Types I, 111, and IV in normal adult nerve. This is probably due to the technical difficulties encountered with this tissue when ultrastructural immunolabeling is attempted. We chose rat nerve for our survey because it is the experimental model most widely used for study of regeneracion mechanisms.
Before proceeding to the ultrastructural examination, we considered light microscopy to be a prerequisite, as we knew that only a few studies had reported a fairly comprehensive analysis of ECM components. The results we achieved corroborate previous studies carried out both in vivo (4,48,51) and in vitro (9,12). Indeed, this first level of observation confirms the co-localization of fibronectin and collagen Types I and 111 in epineural and endoneural interstitium, and also delineates an area of molecular synthesis, the epineural fibroblasts.
On the other hand, although laminin and Type IV collagen appear to be essentially associated with basement membranes, one must ask whether those molecules in the endoneurium are exclusively associated with basement membranes or with ECM as well. This question requires an ultrastructural approach. We will discuss first the immunostaining performed in perineural and endoneural interstitium, and then that observed in the basement membranes.
In the epineurium, which consists of condensed areas of connective tissue, electron microscopic immunocytochemistry confirms the close links between fibronectin and Types I and I11 collagen fibrils. This association was to be expected, as it had been previously observed in other tissues (17,18,20,22,33,38) . The observation that collagen fibrils have fibronectin on their surfaces is in agreement with the presumed role of fibronectin in organizing the three-dimensional configuration of the ECM (16). Type 111 collagen also exhibits a similar distribution on the fibril surfaces, but the functional meaning of this arrangement is not so obvious, except that it suggests an involvement of Type I11 collagen in fibrillogenesis. The consequence of such involvement would be its incorporation into the resulting collagen fibers, which therefore appear to be co-polymers of at least two types of collagen (5,20).
In the perineurium, which is composed mainly of flattened polygonal cells, collagen fibers with a smaller diameter are rarely immunostained with anti-Type I collagen. This weak reactivity is likely to be due to limited antibody penetration, resulting from the spe- The endoneurial collagen fibers are more condensed than those in the epineurium, which may partially account for the heterogeneity observed in the labeling of Type I collagen in endoneural interstitium. Except for this difference, the associations seen in the epineurium between fibronectin and collagen Types I and 111 are identical with those already described. We would also like to stress the fact that, in endoneural ECM, those components are co-localized with laminin and Type IV collagen. How can we interpret this distribution, which is quite specific in rat nerve? The simplest explanation would be to attribute this immunolabeling to a diffusion artifact related to the immunoperoxidase technique being used (13). In this particular case, this diffusion artifact is hard to evaluate, as the distance between the Schwann cell basement membranes is too small for assessment of the possible extinction of reaction products. In addition, on the basis of several previous reports it is likely that only tiny amounts of these macromolecules are present. In fact, during the development of the chicken peripheral nervous system laminin is not always distributed only in the basement membrane (39,40). Type IV collagen has been found in close association with Type I collagen in the cutaneous nerve endoneurium of diabetic patients (38). In vitro, on the other hand, these molecules, among others, help the neurites adhere to their substrate and may orientate their growth (43,44, 50) . In vivo, when the peripheral nerve is severed laminin appears to play a part in regeneration (6,50). In nerve guide models, laminin has been shown to stimulate the regeneration inside the guide (28). However, few reports have used ultrastructural analysis to study the regulation of synthesis for these proteins (6JI). although recent reports acknowledge their promoting role in regeneration processes (10,31,42) . This role would no longer be linked to the presence or absence of ECM components, but would involve complex, specific interactions among the various macromolecules. Martini et al. (31) have suggested a promoting or inhibiting role of J1 tenascin in peripheral nerve regeneration (31). We believe that a similar role for laminin and Type IV collagen should be considered in the function and modulation of peripheral nerve regeneration, in view of studies pointing to the fact that laminin and Type IV collagen exist in different isoforms according to the type of tissue (46,53) .
Immunolabeling of basement membranes of Schwann cells and pericytes discloses the presence of fibronectin, laminin, and colla-gen Types I11 and IV. Laminin and Type IV collagen are present in these basement membranes as well as in other tissues (2,14,  26,37,52) . However, unlike the findings in other studies (15,37) , their preferential distribution in lamina densa or lucida is not obvious. In fact, their precise location is still being debated (1,30) and, as Desjardins and Bendayan have demonstrated for kidney (15), their distribution may vary according to the histological structure analyzed.
Although the presence of fibronectin in basal laminae has often been reported (2,14,23,26,27,29) , its distribution in the wall of epineural and endoneural capillaries is noteworthy in that it is absent in the basement membrane between the endothelium and the pericytes, whereas it is present in the basement membrane between pericytic cells and the interstitium. Knowing its role in the tridimensional organization of ECM (16) and its affinity with collagen Types I, 111, and IV (54), the absence of fibronectin at that level might be explained by a concomitant lack of collagen fibers. This hypothesis is further supported by a similar distribution in retinal capillaries (27) and by the noted absence of fibronectin in the kidney glomerular membrane, made up of face-to-face basal membranes without interposition of collagenic ECM (29). Blanc-Brunat et al. (7) also reported that fibronectin in the ECM of rat juxtaglomerular apparatus was present only at cell junction points of the ECM. One cannot rule out, however, specific interactions that may alter the antibodies' capacity to recognize fibronectin, reflecting a function different from mere cellular adhesion. This may be similarly true of Type 111 collagen, which has the same distribution pattem. The unexpected presence of this type of collagen in basement membrane might reflect a possible linking function between the basement membrane and the ECM. H m r , given the diffusion problems often evoked by the immunoperoxidase reaction, this localization is difficult to ascertain, although a few studies have hinted at it (11,21) . Only a study using colloidal gold on other tissues might validate this observation.
Finally, with the exception of a few immunoreactive coated pits, ultrastructural study has not enabled us to identify the cells that synthesize the extracellular components. Fixation, as we have obser .-ed for staining of fibronectin and collagen Types I and 111 collagens in epineural fibroblasts, seems to be a limiting factor. However, as with other cell types, the slow turnover of components may also be implicated (25). Although in situ mRNA hybridization is often considered to be the alternative of choice for localizing the site of synthesis, thus far this technique has not provided a decisive answer in peripheral nerve (19) .
To conclude, we consider the use of a pre-embedding im- munochemical method quite suitable for analysis of the localization of ECM components in peripheral nerve. This approach has enabled us to define the normal distribution spectrum of laminin and fibronectin as well as of collagen Types I, 111, and IV in rat peripheral nerve. Generally speaking, the immunolocalizations we have reported are consistent with those observed in PNS and in other organs, although strict comparisons are always difficult because the tissues, their treatment, and especially the antibodies used are different. Nevertheless, three points are worth noting: the association of collagen Types I and I11 in co-polymers to form epi-and endoneural collagen fibers, the presence of Type I11 collagen in basement membranes, and the localization of laminin and Type IV collagen in endoneural ECM. These observations will need to be confirmed, considering the insight they may provide in our understanding of the role of ECM in peripheral nerve regeneration. To this end, we believe that only a comparative study using antisera of different origins will be suitable to better define the localization of certain antigens. 
